Abstract. We describe the application of single-strand conformation polymorphism (SSCP) analysis to the speciation of human microsporidia after polymerase chain reaction (PCR) amplification with the panmicrosporidian primers PMP1 and PMP2. We compared the DNA extracted and amplified from different genotypes or isolates of Enterocytozoon bieneusi, Encephalitozoon cuniculi, E. hellem, and E. intestinalis plus an isolate of Vittaforma corneae. The PCR-SSCP, when performed at 20ЊC, generated 2 bands in distinctive, reproducible patterns in polyacrylamide gels for each species of microsporidia tested, regardless of genotype or isolate. We found PCR-SSCP to be an easy and reproducible method for speciation of human microsporidia when the primer pair PMP1 and PMP2 is used.
INTRODUCTION
Single-strand conformation polymorphism (SSCP) analysis is a rapid and sensitive approach for characterizing DNA sequences. This method was first described by Orita and coworkers 1 in 1989, and SSCP has since been successfully used for detecting various alterations in DNA base sequences, including substitutions, deletions, insertions, and rearrangements. Polymerase chain reaction (PCR) products are now routinely used for SSCP analysis (PCR-SSCP). Singlestrand conformation polymorphism analysis resolves DNA sequences on the basis of the characteristic size and shape of the folded structure determined by intramolecular interaction of single-stranded DNA and therefore by base sequence.
Gel electrophoresis of single-stranded DNA under nondenaturing conditions resolves most conformational changes caused by subtle sequence differences, such as single base substitution in a several-hundred-base fragment. 2 Because the conformational changes caused by a small sequence change are sensitive to the physical environment in the gel (e.g., temperature, concentration of ions, and solvents), electrophoretic conditions need to be controlled for these factors. 3 New semiautomated electrophoretic methods facilitate SSCP analysis. 4 The PhastSystem (Pharmacia LKB Biotechnology, Uppsala, Sweden), which was used in this study, has the advantage of using preformed quality-controlled gels in a controlled environment, coupled with an extremely sensitive silver stain to visualize both double-stranded and singlestranded DNA. Other technologies, such as capillary electrophoresis, also provide sensitive and robust high-throughput approaches for performing nonisotopic SSCP analysis. 5 The method of PCR-SSCP has been applied to the study of microorganisms to detect mutations that result in antimicrobial resistance and that can be used as markers for molecular epidemiologic studies of bacteria, protozoa, and viruses. [6] [7] [8] Identification of medically important bacteria, fungi, and viruses by means of PCR-SSCP has been described. [9] [10] [11] Widjojoatmodjo and others 11 tested Ͼ 100 strains of bacteria representing 15 genera and 40 species. They described the method as simple and rapid for detection and identification of a wide spectrum of bacteria when their conserved 16S rRNA gene primers are used. The PCR primers for the constant region of 18S rRNA genes and SSCP analysis of the PCR products were used by Walsh and others 10 to distinguish medically important fungi. They found that the method provided reproducible and recognizable patterns for different genera of fungi and some of the species tested. Reverse transcription PCR followed by SSCP analysis allowed Fujioka and others 9 to distinguish among 14 serotypes of enteroviruses; and PCR-SSCP has been used to genotype Plasmodium falciparum isolates to differentiate infections for which treatment failed from reinfections. 7, 8 We describe the first application of PCR-SSCP to the speciation of protozoa (i.e., microsporidia) from human specimens.
MATERIALS AND METHODS
Microsporidia strains. We extracted DNA from stool specimens from 13 Enterocytozoon bieneusi-infected patients and 2 Encephalitozoon intestinalis-infected patients at the Warren G. Magnuson Clinical Center, National Institutes of Health, Bethesda, Maryland. Encephalitozoon intestinalis strain CDC:V297 and Encephalitozoon hellem strain CDC: 0291:V213 were originally obtained from Govinda S. Visvesvara (Centers for Disease Control and Prevention, Atlanta, GA). Isolates of Vittaforma corneae, E. hellem strains won, lem, lyo, and hel, and Encephalitozoon cuniculi genotypes I (rabbit), II (mouse), and III (dog) were from the collection of Elizabeth Didier, Tulane University (Covington, LA). Microsporidian parasites other than E. bieneusi were cultured in E6 cells as previously described. 12 Extraction of DNA, PCR amplification, and DNA preparation. Microsporidial DNA was extracted from formalin-fixed or fresh stool specimens by means of a modification of our previously described extraction method. 12 Fresh stool specimens were placed in 10% formalin for at least 30 min, and stools that had been stored in formalin were centrifuged for 5 min at 14,000 rpm and resuspended in fresh 10% formalin for at least 30 min. The stool pellet was washed 3 times in phosphate-buffered saline (PBS) and resuspended in 100 L of PBS. Mechanical disruption was performed with 0.5-mm zirconium beads and a mini beadbeater (Biospec Products, Bartlesville, OK). Extracts were then boiled for 15 min. When cool, 300 L of ATL tissue lysis buffer (QIAmp DNA Mini Kit, Qiagen, Valencia, CA) and 50 L (37.5 U) of proteinase K (QiAmp DNA mini kit) were added, followed by incubation for 1 hr at 60ЊC. DNA was phenol-chloroform extracted and cleaned with the QIAmp DNA mini kit following the manufacturer's instructions.
The eluted DNA was then treated with 150 L 5 M NaCl and 120 L cetyltrimethylammonium bromide (Calbiochem, La Jolla, CA), with incubation at 65ЊC for 15 min. The DNA was phenol-chloroform extracted; DNA was then precipitated at 20ЊC overnight in 3 M sodium acetate and 100% ethanol. The DNA was pelleted by centrifugation at 14,000 rpm for 30 min, air dried, washed twice with 70% ethanol, and reconstituted in 50 L Tris-HCl at pH 8.0. The DNA was extracted from cultured organisms harvested from culture media from infected E6 cells by washing twice in PBS, followed by boiling at 100ЊC for 10 min, bead beating with 0.5-mm zirconium beads in a mini beadbeater, phenol-chloroform, and ethanol precipitation. We generated PCR products used for SSCP analysis by microsporidia PCR primers PMP1 (5Ј-CACCAGGTTGATTCTGCCTGAC-3Ј) and PMP2 (5Ј-CCTCTCCGGAACCAAACCCTG-3Ј) to amplify a conserved region of the small-subunit rRNA gene as previously described. 12 We performed PCR with a MJ Research PTC-200 Peltier thermal cycler (MJ Research, Watertown, MA) under the following conditions: denaturation at 94ЊC for 10 min, 35 cycles of 94ЊC for 30 sec, 60ЊC for 30 sec, and 72ЊC for 30 sec, and a final hold at 72ЊC for 10 min for primer extension. We performed PCR with deoxyuridine triphosphate (dUTP); uracil N-glycosylase (UNG; Amperase, PE Applied Biosystems, Branchburg, NJ) at a concentration of 0.5 U per reaction on DNA extracted from all 5 species of microsporidia to determine the effect of PCR that used UNG on SSCP strand migration. The DNA for SSCP was purified by excision of electrophoresed bands of PCR products in agarose gels with Quik-Pik electroelution capsules (Stratagene, La Jolla, CA) following the manufacturer's instructions.
Single-strand conformation polymorphism. The PCR products were denatured by mixing with an equal volume of denaturing solution containing 980 mL/L formamide, 1 g/L xylene cyanol, and 1 g/L bromphenol blue (Amresco, Solon, OH) and incubating at 95-100ЊC for 3 min, followed immediately by rapid cooling in an ice-water bath, with subsequent application of 1 L of sample onto the gel. The SSCP analysis was performed with the PhastSystem (Pharmacia Biotechnology, Uppsala, Sweden), a semiautomated electrophoresis and gel development system. Electrophoresis was with precast homogeneous polyacrylamide gels (200 g/ L) and native buffer strips (Pharmacia Biotechnology). To equilibrate with buffer, the gel was prerun at 400 V, 10 mA, 1.0 W for 100 Vh. For sample application, electrophoresis parameters were 25 V, 10 mA, 1 W, for 102 Vh. Electrophoresis parameters for SSCP separation were 200 V, 5 mA, and 1.0 W for 500-600 Vh. We performed SSCP electorphoreses at 4, 10, 15, and 20ЊC. Bands were visualized by silver staining with the apparatus, reagents, and protocols of the manufacturer (Pharmacia Biotechnology).
Determination of E. bieneusi genotypes. The method described by Liguory and others 13 was followed to determine the genotypes of the E. bieneusi infecting patients at the National Institutes of Health (NIH) Clinical Center. Primers Eb.gc (5Ј-TCAGTTTTGGGTGTGGTATCGG-3Ј) and Eb.gt (5Ј-GCTACCCATACACACATCATTC-3Ј) were used to amplify the internal transcribed spacer region of the ribosomal DNA. We performed PCR with a MJ Research PTC-200 Peltier thermal cycler. Restriction endonuclease digestion of PCR products was performed for 1 hr with 10 L PCR product and 10U of NlaIII and Fnu4HI (New England Biolabs, Beverly, MA) in a final volume of 20 L. The restriction digests were electrophoresed through Ready Gel precast polyacrylamide gels with 10% Tris-borate-EDTA buffer (Bio-Rad Laboratories, Hercules, CA). Gels were stained with ethidium bromide and observed under ultraviolet illumination.
RESULTS
The SSCP electrophoresis was performed at 4, 10, 15, and 20ЊC by means of PCR products from each of the Microsporida species. The SSCP band patterns for each species were compared for differences when electrophoresed at the 4 temperatures. Two bands were observed for most organisms at the various temperatures, with varying distance between the bands depending on temperature. A single band was observed for E. cuniculi with SSCP electrophoresis at 10ЊC and 15ЊC. A single band was observed for E. hellem and E. intestinalis at 10ЊC. Two bands were observed for all organisms at 20ЊC, and this temperature was used for species and strain comparison.
The PCR primers PMP1 and PMP2 produce PCR products of the following base pair lengths for the organisms evaluated in this study: E. bieneusi 250, E. intestinalis 270, E. cuniculi 268, E. hellem 279, and V. cornea 240. Slight differences in the migration of the PCR products can be observed after electrophoresis in an agarose gel ( Figure 1A) . Figure 1B shows the SSCP separation of the 2 strands of the PCR products in a polyacrylamide gel electrophoresed at 20ЊC. Strand migration distance and distance between the 2 strands provides a distinctive band pattern for each species. The use of UNG and dUTP in the PCR reaction mixture did not affect the strand migration of the 5 microsporidia species tested (data not shown).
Genotyping of E. bieneusi from 13 NIH patient stool specimens demonstrated the presence of only genotypes I and IV. Of the 13 patients infected with E bieneusi from whom stored specimens or extracted DNA were available, 9 (69%) patients had genotype I and 4 (31%) had genotype IV. The SSCP electrophoresis of PCR products from 2 different patients' organisms for each genotype demonstrated no difference in the band patterns at 20ЊC (Figure 2A) . The 3 known genotypes of E. cuniculi produced consistent band patterns after SSCP electrophoresis at 20ЊC ( Figure 2B ). Consistent SSCP band patterns were also observed for the 5 E. hellem isolates ( Figure 2C ) and the 3 E. intestinalis ( Figure 2D ) from different sources.
DISCUSSION
Several different approaches have been used to speciate microsporidia from patient specimens by means of molecular methods. We previously described a PCR assay that used the panmicrosporidian primer set PMP1 and PMP2, followed by digestion of the amplicons with restriction endonucleases PstI or HaeIII to produce unique restriction products for different microsporidial species. 12 Raynaud and others 14 also reported detection and speciation of microsporidia by use of a panmicrosporidian primer set and the restriction endonucleases HindIII or HinfI. Species-specific PCR primers have been described for E. bieneusi, E. intestinalis, E. cuniculi, E. hellem, and V. corneae. 15, 16 Nested PCR assays that use species-specific second (nested) primers or MnlI digestion to determine the species of Encephalitozoon amplified have been described. 17, 18 Didier and others 19 described the use of a pan-Encephalitozoonidae set of PCR primers with species determination performed by means of either a set of species-specific oligonucleotides and Southern blotting or restriction endonuclease digestion of the amplicons with FokI. They also described the use of double-stranded DNA heteroduplex mobility shift analysis for species determination. In this technique, PCR amplicons of known microsporidial species are combined with amplicons of an unknown microsporidium, heated to denature, cooled to allow reannealing, and subjected to electrophoresis. Homoduplexes are formed when 2 like PCR amplicons are combined, and heteroduplexes, which migrate more slowly because of confirmational changes resulting from mismatched DNA sequences, are formed when strands with regions of dissimilarity reanneal. The authors successfully used this method to speciate an isolate of E. hellem but were unsuccessful when the technique was applied to amplicons generated directly from urine in which the presence of E. hellem was detected by other methods. The authors concluded that insufficient DNA was amplified from the urine specimen for heteroduplex mobility shift analysis. A major disadvantage for the routine use of this method is that amplicons of several known microsporidian species must be available or produced before the assay can be performed.
We found PCR-SSCP to be an easy and reproducible method to speciate microsporidia from human infections with the panmicrosporidian primer pair PMP1 and PMP2. These primers amplify a conserved region of the small-subunit rRNA gene and produce amplicons of 240-279 bp, depending on the species of microsporidia. 12 Genotyping of microsporidia species is currently based on polymorphisms in the internal transcribed spacer region of the rRNA gene and not the small-subunit rRNA gene, which is the target of the primer pair used in this study. Liguory and others 13 described 4 genotypes of E. bieneusi, with genotype I detected in 78%, genotype II in 12%, genotype III in 5%, and genotype IV in 5% of their E. bieneusi-infected patients. We found only genotype I (69%) and genotype IV (31%) in our patient population, thus demonstrating that genotype frequency probably varies depending on the geographic location. We felt it necessary to challenge our PCR-SSCP microsporidia speciation method with different genotypes because SSCP can detect a single base change in a PCR fragment that is several hundred nucleotides in length. 3 We tested 2 different genotypes of E. bieneusi, 3 different genotypes of E. cuniculi, 5 different isolates of E. hellem, and 3 different isolates of E. intestinalis and demonstrated that when uniform conditions were utilized, PCR-SSCP performed with primers PMP1 and PMP2 provided distinctive, reproducible patterns for each species of microsporidia tested, regardless of the particular genotype or isolate of the species (Figure 2 ).
Widjojoatmodjo and others 11 suggested the addition of an internal small-subunit DNA marker for each sample lane to overcome lane-to-lane and gel-to-gel differences. This would allow investigators to compare gels from different runs without including known microsporidian template standards each time the method is performed. We found PCR-SSCP for detection and speciation of microsporidia from patient specimens to be a simple, direct method that does not require multiple probes, multiple primers, or multiple restriction endonucleases. 
